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a b s t r a c t
The present study focused on co-gasification of empty fruit bunch (EFB), mesocarp fibre (MF) and
palm kernel shell (PKS) in a 75 kWth pilot scale downdraft gasifier for possible synergic reactions
between the biomass. A series of experiments was carried out using equal blend of EFB, MF, and
PKS (particle sizes of 14 and 6.7 mm) and equal blend of MF and PKS. Advanced infrared multi-gas
analyser, and thermal conductivity gas analyser were employed to measure the produced gases. The
elemental compositions of the raw biomass, ash and slag generated were determined using Scanning
Field Emission Gun Scanning Electron Microscopy with accelerating voltage 20.0 kV and working
distance 6 mm and the measurements processed using AztecEnergy V2.2 software. The co-gasification
of blend of EFB, MF, and PKS, compared to the blend of MF and PKS led to higher gas yield (4.82 and
3.47 m3/kg_biomass), cold gas efficiency (16.2 and 13.37%), and carbon conversion efficiency (56.3 and
34.18%), respectively. When compared to particle size of 14 mm, the PKS of particle size of 6.7 mm in
the EFB/MF/PKS blend increased the lower heating value and the higher heating value of the producer
gas by 20% and 20.3%, respectively, and the residue yield was 18.6% less. The overall result has provided
evidence on the importance of co-gasification of biomass especially EFB, MF and PKS, which will result
in increased utilization of EFB.
© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).1. Introduction
Ash content is an important property of biomass, which influ-
nces decisions in biomass thermal conversion operations. Ash
orming elements in biomass include alkali earth metals and
lkali metals. Ash contain important soil nutrient for soil prop-
rties and crop improvement (Shahbaz et al., 2019). Challenges
ssociated with ash in thermal conversion system are bed ag-
lomeration, slagging on the furnace, fouling of heat transfer
ystems (Kuprianov et al., 2018; Cotton et al., 2014). These will
educe system efficiency and result in increased operational cost
Kuprianov et al., 2018; Aziz et al., 2016). The utilization of
iomass in thermal conversion operation will lead to increase in
iomass ash generation. The challenge of ash disposal/utilization
equires that measures be put in place before and during the
hermal conversion process to reduce the amount of ash that
ould go to landfills and increase agricultural utilization of the
esidues (Anyaoha et al., 2018a). Increase in the utilization of
iomass for energy generation would require the use of a blend
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E-mail address: k.patchigolla@cranfield.ac.uk (K. Patchigolla).
1 Permanent address: Department of Agricultural Engineering Imo State
olytechnic Umuagwo, Nigeriahttps://doi.org/10.1016/j.egyr.2020.07.009
2352-4847/© 2020 The Authors. Published by Elsevier Ltd. This is an open access artof different biomass particularly biomass from the same sources.
Therefore, optimizing the effects of co-gasification on thermal
conversion process efficiency, thermal conversion infrastructure,
and on ash yield and properties is imperative.
Nigeria’s biomass resources is estimated to be about 144 mil-
lion tonnes/year (Toyese and Jibiril, 2016) of which oil palm
(Elaeis guineensis) fresh fruit bunch (FFB) solid wastes are impor-
tant part of it. The FFB solid wastes include empty fruit bunch
(EFB), mesocarp fibre (MF) and palm kernel shell (PKS), which
provide energy used for powering boilers in oil palm mills for
FFB processing. The mills are known to be independent in power
generation from the abundant FFB wastes. There is reliance on
PKS and MF especially during peak periods with little or no
effort in the use of EFB for energy production. However, there
is increasing interest in the utilization of EFB for energy purpose
including in Malaysia (Darmawan et al., 2017; Inayat et al., 2020),
which is the second largest palm oil producer in the world after
Indonesia (Anyaoha et al., 2018b)
Research on gasification has advanced over the years leading
to increased utilization of both fossil fuels and biomass, more
importantly the utilization of the blend of coal and biomass. As
efforts are being made to increase the utilization of EFB, co-
gasification offers a better option. For example Moghadam et al.
(2014) co-gasified PKS and polyethylene and produced the high-
est gas yield of 422.40 g syngas/kg feedstock at the temperatureicle under the CC BY license (http://creativecommons.org/licenses/by/4.0/).




























































f 800 ◦C, polyethylene/PKS ratio of 1:0.3, and steam/feedstock
atio of 1:1. Moghadam et al. (2014) concluded that the faster
egradation of polyethylene led to increased conversion of the
eedstock to gaseous products. Thiagarajan et al. (2018) reported
he co-gasification of PKS and low grade Indian coal, while Su-
aiman et al. (2018) studied the effects of blending ratio and
atalyst loading on co-gasification of wood chips and coconut
aste. Monir et al. (2018) observed higher H2 and CO concen-
rations from co-gasification of EFB with coal compared to EFB
asification in a downdraft reactor. As efforts are made towards
eduction in fossil fuel utilization, there is need to increase the
hare of biomass in any fuel mix. This is always more important
onsidering the challenges of supply availability of a biomass
ype (Inayat and Sulaiman, 2018). Therefore, more research is
eeded on co-gasification of two or biomass without any fossil
uel. Other research on co-gasification are on biomass and coal
hile few reported on co-gasification of two different biomass
Sulaiman et al., 2018; Monir et al., 2018). No studies have been
onducted on the co-gasification of FFB solid wastes except with
ther fuel types. This study is aimed at bridging the research gap
n the co-gasification of FFB solid wastes, uniquely presenting
esults from co-gasification of three different fuels. The specific
bjectives are (i) to compare the co-gasification performance of
F/PKS blend, and EFB/MF/PKS blend in a downdraft gasifier, (ii)
o determine the effects of PKS particle size on the co-gasification
f EFB/MF/PKS blend, and (iii) to evaluate the differences be-
ween the residues from the co-gasification of MF/PKS blend, and
FB/MF/PKS blend. This is important to increase the utilization of
he three fuels from same source, which eliminates the challenge
f biomass availability.
. Material and methods
.1. Raw material
Air-dried EFB, MF and PKS, used in the gasification experiment
ere imported from Nigeria (Fig. 1) and kept in the storage room.
he PKS was sorted using 14 mm and 6.7 mm sieve while the EFB
as first crushed using a locally made hammer mill at Imo State
olytechnic Umuagwo, Nigeria and sorted with 14 mm sieve.
ost of the materials in the PKS greater than 14 mm were poorly
racked and whole palm kernel nuts. The particle size of MF
rom the mill was smaller than EFB and PKS and therefore was
sed as received. The proximate and ultimate analyses, and the
eating values were analysed for these fuels according to British
tandards (2011a) and British Standard (2011b,c).
.2. Experimental set-up
Fig. 2a, b and c are the pictures of the 75 kWth pilot scale
owndraft gasifier, inside of the reactor during one of the co-
asification experiment, and the tar-sampling unit, respectively.
ig. 3a is the schematic diagram of the 75 kWth pilot scale down-
raft gasifier used in the co-gasification experiment including
he tar sampling unit, while Fig. 3b represents the sampling
ocations. The gasification unit comprises of a hopper with a slide
alve through which materials are introduced into the cylindrical
efractory vessel of 240 mm internal diameter and 650 mm height
easured from the grate. The height of the gasifier measured
rom the hopper to the cylindrical refractory vessel is 1350 mm.
ir supply hose, ignitor, and thermocouples to record tempera-
ures were inserted at different points on the gasifier chamber.
he gasifier is divided into the following zones: biomass, heating
p, flaming pyrolysis, reduction upper layer, reduction lower
ayer and ash pot. The air inlets are positioned to supply air to
he heating up, flaming pyrolysis, and reduction layers as shownin Fig. 3a. In between the reduction lower layer and the ash
pot is a grate. The electrical ignitor was located below the grate
and uses generated heat to ignite biomass. The biomass settled
on a grate during the gasification process. The ash collection
system was made of two pots, one for bottom ash and the
other for fly/cyclone ash. The gaseous products passed through
the gas cooling system and are collected for further analysis or
discharging to the atmosphere. After each run of experiment,
the gasifier was allowed to cool and the fly ash and bottom ash
were removed. Two gas analysers: advanced infrared multi-gas
analyser MGA300 (Siemens Ultramat 2), and thermal conductivity
gas analyser (Siemens Calomat 2) were employed to measure the
produced gases.
The tar sampling unit was developed under isokinetic condi-
tions using standard protocol-BSI DD CEB/TS 15439:2006 (British
Standard, 2007). The tar sampling unit consisted of (1) gasflow
section through which the gas enters the gas preconditioning
unit, (2) heated probe, nozzles and valves for pressure reduction
and gas cooling (gas preconditioning), (3) particle collection unit
to separate and collect solids, (4) tar collection unit for moisture
and tar condensation using six impinger bottle, and (5) gas vol-
ume measurement unit for gas suction, measurement and off-gas
handling. Five of the six bottles were filled with Isopropanol for
tar absorption while the sixth bottle was left empty. The bottles
were arranged into hot bath (temperature between 35 ◦C and
40 ◦C) for 1, 2, and 4, and cold bath (temperature between −15 ◦C
and −20 ◦C) for 3, 5, and 6. Impinger bottles 2, 3, 5, and 6 were
fitted with glass frits at the end of the tube.
The samples of tars and particulate matter were trapped in
the heated and/or chilled impinge bottles and heated particulate
filter, respectively. Thimble filters were used with a diameter of
30 mm and a length of 100 mm with a retention capacity of
99.9% for particles of size 0.3 µm. The sampled gas volume was
measured under dry conditions using a gas meter. The collected
tar and particulate samples were stored in a sealed, dark bottle
and kept at a temperature below 6 ◦C for further analysis; the
results were not presented in this report. Eliminating tar from
the gas stream is important to avoid clogging of pipes and valves,
and damage to engine components (Dors and Kurzyńska, 2020).
2.3. Experimental procedures
A series of experiment with equal blend by weight of MF and
PKS (50:50) denoted as MP, and equal blend by weight of EFB,
MF, and PKS (33:33:33) denoted as EMP1 and EMP2 were carried
out using the gasifier. EMP1 had PKS of particle size 14 mm
while EMP2 had PKS of particle size 6.7 mm. Fig. 1a, b, c, d
and e above are EFB, MF, and PKS, EFB/MF/PKS (6.7 mm particle
size) blend, and EFB/MF/PKS (14 mm particle size) blend used
in the experiment. The gasifier can hold between 10–15 kg of
biomass depending on the characteristics of the fuel. The fuels
were fed in batches carefully at a feeding rate of 2.8 kg/h and
the process was continuously monitored to ensure there was
smooth gasification in the process. The ‘‘viewpoint’’ suited above
the grate was used to monitor the presence of flame and as a
guide to feeding the biomass. The operating parameters are given
in Table 1. The air supply valve was left closed initially while
the ignitor was switched on. After about five minutes of igniting
the fuel, the ignitor was switched off while the air supply was
opened. The gasifier temperature was maintained at 800 ◦C by
varying air/nitrogen ratio. This was done by adjusting the airflow
rate or by introducing nitrogen into the reactor.
The gasification process occurs in the following sequence from
top to bottom: heating up>flaming pyrolysis>reduction upper
layer>reduction lower layer. The ‘‘heating up’’ is the layer at
which the biomass was introduced and where the mass gradually
1890 K.E. Anyaoha, R. Sakrabani, K. Patchigolla et al. / Energy Reports 6 (2020) 1888–1896Fig. 1. Fresh fruit bunch solid wastes (a) empty fruit bunch, (b) mesocarp fibre, (c) palm kernel shell, (d) blend (33:33:33) of empty fruit bunch, mesocarp fibre,







heats up from bottom to the top. The biomass devolatilization
takes place at the ‘‘flaming pyrolysis’’ zone. Gasification occurs
at the ‘‘reduction layer’’, which includes upper layer (reduction
reaction) and lower layer (ash bed). The syngas and ash are
produced at this layer. The ash and syngas passed through the
grate and the bottom ash settled in the ash pot beneath the
gasifier. The fly ash settled in the cyclone and the syngas passed
through to the cooling system for tar and water condensation.
Gas sampling units were used to clean the dirty gaseous products
before the measurement by the gas analyser. The gases measured
were CO, CO2, CH4, and H2 for MP, EMP1 and EMP2 samples.
Finally, the gas passed through a flare and to an exhaust.The advanced infrared multi-gas analyser was used for mea-
suring CO2, CO and CH4 for MP, EMP1 and EMP2 using non-
ispersive infrared absorption with solid-state detector, and ther-
al conductivity gas analyser was used for measuring H2. The
ompositions of CO2, CO, CH4 and H2 were measured at intervals
f 5 s. Pico Technology data logger was used to monitor the tem-
erature profile continuously throughout the gasifier chamber at
s interval for the duration of the operations.
Several assumptions were considered in this study and they
re:
• The fuels were evenly mixed
• Stoichiometric air/fuel ratio considered
K.E. Anyaoha, R. Sakrabani, K. Patchigolla et al. / Energy Reports 6 (2020) 1888–1896 1891
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Fig. 3. (a) Schematic diagram of the 75 kWth pilot scale gasifier and tar sampling unit used in co-gasification of empty fruit bunch, mesocarp fibre and palm kernel
shell. (b) Gasifier sampling locations during the test. 1 - gas flow section, 2 - gas preconditioning section, 3 - particle collection unit, 4 - tar collection unit, and 5 -
gas volume measurement unit.Table 1
Operating parameters for the fixed-bed downdraft gasifiera .
Parameter MP EMP1 EMP2
Biomass particle size (mm) 14 14 6.7
Temperature (◦C) 800 800 800
Biomass feeding rate (kg/h) 2.80 2.80 2.80
Equivalence ratio 0.54 0.59 0.59
Air (l/min) 160 160 160
N2 (l/min) <20 <20 <20
aMP—mesocarp fibre and palm kernel shell blend, EMP1—palm kernel shell
(14 mm), empty fruit bunch and mesocarp fibre blend, EMP2—palm kernel shell
(6.7 mm), empty fruit bunch, and mesocarp fibre blend.
• Average biomass calorific value used
The chemical expressions of the biomass used in this study are
s shown in Eqs. (1) – (3):
mpty fruit bunch 2C1.32H2.09O + 2.685O2 → 2.64CO2
+ 2.09H O (1)2mesocarp fibre C2.067H3.42O + 2.422O2 → 2.067CO2 + 1.71H2O
(2)
palm kernel shell 2C1.7519H2.33O + 1.8344O2 → 1.7519CO2
+ 1.165H2O (3)





AFactual is the actual air–fuel ratio, which is equal to the amount of
fuel injected into the gasifier divided by the amount of biomass.
AFstoichiometric is the stoichiometric air–fuel ratio, which is equal
to the amount of air needed to burn the biomass divided by the
amount of biomass.
The gas yield in m3/kgbiomass was calculated according to
Eq. (5) (Kallis et al., 2013):
Ygas =
Vgas (5)Massbiomass





Vgas is the volumetric flow-rate of the dry gas in m3/h calculated
using the output gas flow-rate, while Massbiomass is the biomass
mass feed rate in kg/h.
The lower heating value of the gas produced (MJ/m3) was
alculated according to Eq. (6) (Kallis et al., 2013), while the
igher heating value was estimated according to Eq. (7) (Kallis
t al., 2013):
LHVgas =




(12.63 ∗ CO + 39.82 ∗ CH4 + 12.75 ∗ H2)
100
(7)
The values used for CO, CH4, and H2 were the compositions of the
species in the gas product.
The cold gas efficiency (CGE) and the carbon conversion effi-
ciency (CCE) are important indicators of the gasification process.
The cold gas efficiency, which is the ratio of the energy in the pro-
duced gas to the energy in the biomass was calculated according







HVgas is the lower heating value of the gas product, Ygas is the
gas yield in m3/kg, and LHVbiomass is the lower heating value of the
biomass used, while HHVgas and HHVbiomass are the higher heating
values of the gas and biomass, respectively.
The carbon conversion efficiency (CCE), which is the ratio of
carbon in the syngas to the carbon in the biomass, was deter-
mined according to Eq. (9) (Kallis et al., 2013):
CCE% =
(




The compositions of CO, CO2 and CH4 in the syngas gas were used
in the calculation of the carbon conversion efficiency, and C is the
percentage composition of the carbon from the ultimate analysis.
The fly/cyclone ash and bottom ash were collected after each
experimental run. The ash was used as soil amendment to test
the effects of ash on the properties of a loamy sand soil and
cassava yield in Nigeria (results were not part of this paper). The
experimental residue yield for each of the experimental test was
measured by weighing ash, char and the slag left. The calculated
residue yield was according to Eq. (10) (Ogi et al., 2013):
Yield of solid residues wt.% =
weight of solid residues
weight of biomass feedstock
∗ 100
(10)
The elemental compositions of the raw biomass, ash and slag
generated were determined using Scanning Field Emission Gun
Scanning Electron Microscopy (SFEG SEM) with accelerating volt-
age of 20.0 kV and working distance of 6 mm. The samples were
first coated with Gold and the measurements processed using
AztecEnergy V2.2 software.
3. Results and discussion
3.1. Biomass characterization
Table 2 shows the proximate and ultimate analyses of Nigerian
EFB, MF and PKS as well as the higher heating value (HHV) and
lower heating value (LHV). There is consistency in the HHV and
LHV for EFB, MF, and PKS with values decreasing in the following
order: MF>PKS>EFB. This is important because MF and PKS are
used more than EFB as fuel. The moisture contents as received
for the fuels were below 15 % making it suitable for use directly
as fuel. The ‘dry basis’ ash content of EFB and MF are higher thanTable 2









Moisture (as received basis) 14.40 12.10 12.0
Fixed carbon 8.80 8.10 7.60
Ash 5.10 5.50 1.70
Volatile matter 86.10 86.40 90.40
Ultimate analyses (%)
C 43.80 52.10 52.30
H 5.80 7.20 5.80
N 0.50 1.00 0.40
Cl 0.33 0.38 0.03
S 0.10 0.20 0.02
O (by difference)b 44.40 33.6 39.80
HHV (MJ/kg) 18.58 (18.71) 22.17 (22.36) 21.26 (22.33)
LHV (MJ/kg) 17.47 20.84 19.98
HHV—higher heating value, LHV—lower heating value. Values in parenthesis
were from the bomb calorimeter, the higher heating values for mesocarp fibre
and palm kernel shell blend, and empty fruit bunch, mesocarp fibre and palm
kernel shell blend were 21.73 MJ/kg and 19.94 MJ/kg, respectively using the
bomb calorimeter.
aAll in % w/w except where it is stated otherwise.
bOxygen and Total calculations include ash and moisture content.
that of PKS by 3.4 and 3.8 units respectively. The fixed carbon and
volatile matter contents of the biomass are similar. The results of
the HHV of EFB, MF, PKS, blend of MF and PKS, and blend of EFB,
MF, and PKS determined by the bomb calorimeter (Parr 6400) are
presented in Table 2. The HHVs are close to the values as obtained
by the external laboratory.
3.2. Gaseous product yield
The temperature profiles of the experimental runs are pre-
sented in Figs. 4–6. The high lignin content of PKS (44%) compared
to lignin contents of EFB (21.3%) and MF (27.3%) (Abnisa et al.,
2013), the hard structure and bigger particle size contributed to
the poor heat transfer and slow start (70 min) to gasification
for sample MP (Fig. 4). High lignin content is associated with
higher degradation temperature (Sembiring et al., 2015). The
initial phase temperatures of EMP1 and EMP2 were within the
range of 30 and 40 min (Figs. 5 and 6), which was an indication
of the feedstock blend (EFB, MF and PKS). On the other hand,
the gasification phase of EMP1, and EMP2 showed similarity and
lasted longer than MP. The PKS in MP blend started burning at the
later stage of the process but the heat built up overtime was able
to complete the process in a shorter time, while the combination
of fibrous EFB and MF in EMP1 and EMP2 initiated the process
due to their relatively higher quantity than PKS. The fibrous fuels
(EFB and MF) burnt faster than PKS, while PKS led to heat build-
up gradually resulting in a longer gasification phase. These were
evident in the flaming pyrolysis, reduction upper layer, reduction
lower layer and heat up temperature profiles for EMP1, and EMP2,
which were different from those of MP. The quantity of PKS in MP,
which was higher relative to EMP1 and EMP2 also led to overall
very low average temperatures for heat up and flaming pyrolysis
stages for MP (Fig. 4).
The slow start to rise in temperature for MP delayed the yield
of the gaseous species by 75 min (Fig. 7) while EMP1, and EMP2
took less than 15, and 30 min, respectively (Figs. 8 and 9). The
variations in biomass of the MP, and EMP1 and EMP2 also led to
a more sinusoid-like profile of the gaseous species for EMP1, and
EMP2, than MP, which corresponded to the heat build-up inside
the reactor. Inayat et al. (2018) obtained similar fluctuations in





Fig. 4. The temperature profiles from co-gasification of palm kernel shell and
mesocarp fibre blend (MP).
Fig. 5. The temperature profiles from co-gasification of palm kernel shell
(14 mm), empty fruit bunch and mesocarp fibre blend (EMP1).
Fig. 6. The temperature profiles from co-gasification of palm kernel shell
(6.7 mm), empty fruit bunch and mesocarp fibre blend (EMP2).
gas composition using 10–25 mm particle size. Operating param-
eters including pressure, temperature, oxygen to biomass ratio,
and gasifying agent can influence the fluctuation in syngas yield
(Sulaiman et al., 2016). Emami Taba et al. (2012) reported that
heterogeneity of biomass or wastes results in increase of fluctua-
tions in quality, availability and composition. This was evident in
the composition of the gas as shown in Figs. 7–9. The fluctuation
increased with more than two fuels in the co-gasification process
as shown in Figs. 7 and 8. Therefore, the optimization of the
operating parameters becomes more important with more fuels
(Inayat et al., 2019a). Optimizing the equivalence ratio is very
important. Most research reported equivalence ratio of 0.1–0.5
(Inayat et al., 2019a,b; Doranehgard et al., 2017; Ariffin et al.,
2016). Doranehgard et al. (2017) reported tar content, which
increased as ER decreased from 0.5 to 0.1. Inayat et al. (2019a)Fig. 7. The gas compositions from co-gasification of palm kernel shell and
mesocarp fibre blend (MP).
Fig. 8. The gas compositions from co-gasification of palm kernel shell (14 mm),
empty fruit bunch and mesocarp fibre blend (EMP1).
reported that high ER reduced H2, tar formation, cold gas effi-
ciency, and gas yield and improved the carbonaceous gas species
and carbon conversion efficiency. Ramos et al. (2018) reported an
optimum ER of 0.2–0.4 but cautioned that these values depend on
other operation conditions. It is worthy to note that the ideal ER
can be obtained by controlling the blower speed (Ariffin et al.,
2016). The lower heating value of MP gas was higher than those
of EMP1, and EMP2 (Table 3), which could be due to the relatively
high heating values for the feedstock of MP.
This study recorded lower values of species composition com-
pared to literature. This was due to higher particle sizes of the
feedstock used in this study (Mohammed et al., 2011). This led
to slow devolatilization and char gasification that are favoured by
higher surface area, and therefore poor conversion of the biomass
to syngas. The gas yields for MP and EMP1 and EMP2 were lower
than Mohammed et al. (2011). The operating conditions and
particle size in this study differ from Mohammed et al. (2011).
This study used a higher particle size (6.7 mm and 14 mm) against
<0.3–1 mm for the Mohammed et al. (2011), which influenced
gas yield negatively. However, the homogeneity of the fuel used
by Mohammed et al. (2011) must have played a significant role.
The gas yield of EMP2 (6.7 mm) was lower than that of EMP1
(14 mm particle size) by 0.2 m3/kg. Inayat et al. (2016) reported
increase in gas yield with particle size of feedstock from biomass
co-gasification, which is in line with this study. The CO2 yield
was higher for in all the experiments, which could be attributed
to high reactor temperature. Similar results were obtained by
Thiagarajan et al. (2018) in PKS and coal co-gasification and
Tamili et al. (2018) in co-gasification of grass and coconut.
From Table 3 the LHVgas and HHVgas increased as the particle
ize decreased. EMP2 with the low particle size of PKS (6.7 mm) in
he blend than in EMP1 had lower syngas yield, higher LHVgas and
HVgas. This was because of increased reactivity of the smaller
articles leading to better heat transfer (Inayat, 2016). However,




Fig. 9. The gas compositions from co-gasification of palm kernel shell (6.7 mm),
mpty fruit bunch and mesocarp fibre blend (EMP2).
able 3
he gasification results for the different biomass blendsa .
Gas composition (mol. %) MP EMP1 EMP2
CO2 6.01 7.72 8.64
CO 2.90 2.69 3.18
CH4 0.69 0.36 0.53
H2 1.54 2.89 1.73
Gas yield (m3/kgbiomass) 3.47 4.82 4.60
Lower heating valuegas (MJ/m3) 0.78 0.65 0.78
Higher heating valuegas (MJ/m3) 0.84 0.69 0.83
Cold gas efficiency (%) 13.37 16.2 18.54
Carbon conversion efficiency (%) 34.18 56.3 61.65
Yield of solid residues (wt.%) 4.08 4.84 3.94
Yield of ash (wt.%) 1.55 3.16 2.59
Yield of slag (wt.%) 0.39 1.67 1.35
Yield of char (wt.%) 2.14 ns ns
ans—not significant, MP—mesocarp fibre and palm kernel shell blend, EMP1—
palm kernel shell (14 mm), empty fruit bunch and mesocarp fibre blend,
EMP2—palm kernel shell (6.7 mm), empty fruit bunch, and mesocarp fibre blend.
LHVgas and HHVgas of EMP2 and MP are approximately the same.
This was because the average calorific value of MP feedstock (MS
and PKS) was more than that of EMP2 feedstock (EFB, MF and
PKS). From Table 2, the calorific values of the blends are average
values of the feedstock.
3.3. Residue characteristics
The residues recorded include ash, slag, and char (only PKS
char). The residue yield for MP was 2.1% char of the total residue,
and more than the sum of ash and slag yields of 1.55 and 0.39%,
respectively. This was a result of low carbon conversion as evi-
denced by the low CCE of 34.18% for MP. Conversely, EMP1 and
EMP2 have higher CCE values of 56.3 and 61.65%, and with no
char yield, though with higher total residue yield of 4.84 and
3.94%, respectively. The slag yields for EMP1 and EMP2 were
higher than that for MP by 1.28 and 0.96%, respectively, which
provided evidence of the average potassium content in the feed-
stock of EMP1, EMP2, and MP, and as shown in the elemental
compositions of the raw EFB, MF and PKS, EMP1, EMP2 and MP
ash and slag (Tables 4 and 5). EMP2 had lower yield of solid
residues (ash and slag), which can be attributed to lower particle
size of the PKS used in the feedstock blend (Table 1) resulting in
higher reactivity between the fuels. This also led to a higher CCE
of 61.65%, higher LHV, HHV and CGE for EMP2 (Table 3) compared
to EMP1.
High potassium content EFB ash is a valuable resource in
soil amendment, but leads to high agglomeration for example
when EFB is used alone. It is important to generate more use-
able residue from any thermal conversion process especially forTable 4
Elemental compositions of raw empty fruit bunch, mesocarp fibre and palm
kernel shell, and MP (mesocarp fibre and palm kernel shell blend) ash as








Na (%) 0.3 ± 0.21 1.72 ± 0.58 1.62 ± 0.66 0.28 ± 0.07
Mg (%) 10.58 ± 1.55 5.01 ± 1.19 9.36 ± 2.74 6.93 ± 0.44
Al (%) 0.47 ± 0.19 4.61 ± 0.66 3.08 ± 0.94 2.4 ± 0.26
Si (%) 25.19 ± 1.69 29.41 ± 4.22 41.36 ± 13.4 42.66 ± 2.69
S (%) 1.39 ± 0.57 5.68 ± 1.19 9.87 ± 1.73 1.78 ± 0.25
Cl (%) 5.65 ± 0.22 12.7 ± 1.04 3.17 ± 0.84 0.92 ± 0.02
K (%) 42.17 ± 1 26.45 ± 1.96 18.6 ± 4.69 24.57 ± 1.33
Ca (%) 13.81 ± 1.28 13.29 ± 2.24 9.29 ± 2.32 16.51 ± 0.73
Fe (%) 0.45 ± 0.36 1.13 ± 0.74 3.66 ± 0.59 3.97 ± 0.1
K/Ca 3.05 ± 0.78 1.99 ± 0.88 2 ± 2.02 1.49 ± 1.82
aK/Ca — potassium/calcium ratio.
agricultural uses. From Tables 4 and 5, the values of alkali and
alkali earth metals for the ash and slag are comparably the
same and therefore can be used as soil amendment, although
slag is undesirable. The sintering behaviour can be explained by
the potassium/calcium (K/Ca) ratio. According to Steenari et al.
(2009), high silicon, and high K/Ca ratio led to high agglomeration
rate in biomass by reducing the ash melting temperature. Tables 4
and 5 show the silicon, potassium, calcium, etc. contents for raw
EFB, MF and PKS, the ash and slag of their blends in MP, EMP1
and EMP2. MP recorded lowest K/Ca ratio, which was evident
of lower contents of potassium and calcium in the raw MF and
PKS feedstock relative to EFB. EMP2 had less K/Ca than EMP1 in
line with its low residue yield and more importantly 19% lower
slag yield, and as stated above recorded higher carbon conversion
efficiency. This was attributed to the lower particle size of PKS
in the fuel blend. The lower particle size, less total residue yield,
and lower K/Ca ratio, favour lower agglomeration. EFB had lower
silicon content, which resulted in lowering the residue yield in
the EMP1 and EMP2 blends. The gasification of EFB, MF or PKS
will therefore be problematic in terms of agglomeration but the
co-gasification from this study increased the chances of synergic
reactions considering the differences in elemental compositions
of each biomass. Reducing the particle size of the fuel led to
more positive effects with EFB in the blend. More importantly the
potassium content of the resulting ash increased more than the
average values of the constituent fuels. The potassium content of
MP ash increased only by 9.2% while the potassium content of
EMP1 and EMP2 ash increased by 46.7% and 50%, respectively.
This is important from agronomic view for increased agricultural
productivity.
4. Conclusions
The results from co-gasification of EFB, MF and PKS showed
that the addition of EFB to the blend of MF and PKS led to higher
gas yield, cold gas efficiency and carbon conversion efficiency,
compared to the blend of only MF and PKS. Smaller particle size of
PKS increased the lower and higher heating values of the gaseous
products, reduced the residue yield and potassium/calcium ratio
of EFB/MF/PKS blend. The lower particle size of PKS in the feed-
stock blend led to relatively lower K/Ca ratio and consequently
lower agglomeration. The use of EFB alone will result to high
agglomeration due to high potassium content but the addition of
MF and PKS will reduce the rate of agglomeration and lead to a
valuable residue for use as soil amendment. The co-gasification
of EFB, MF and PKS will increase availability of energy sources,
reduce the dependency on fossil fuel, and the poor disposal of
EFB, which contributes to greenhouse gas emission.
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Elemental compositions of EMP1 ash [feedstock of blend of palm kernel shell (14 mm), empty fruit bunch and mesocarp
fibre], EMP2 ash [palm kernel shell (6.7 mm), empty fruit bunch and mesocarp fibre blend] and MP slag [palm kernel shell
and mesocarp fibre blend] and their slag as measured using Scanning Field Emission Gun Scanning Electron Microscopya .
Parameter EMP1 ash EMP2 ash MP slag EMP1 slag EMP2 slag
Na (%) 0.47 ± 0.18 0.34 ± 0.2 0.58 ± 0.26 0.36 ± 0.1 0.5 ± 0.11
Mg (%) 6.09 ± 0.28 6.57 ± 0.34 4.378 ± 0.46 4.94 ± 1.38 6.77 ± 1.26
Al (%) 1.52 ± 0.14 1.74 ± 0.18 4.42 ± 0.92 13.34 ± 5.63 1.72 ± 0.06
Si (%) 26.71 ± 1.36 24.27 ± 1.19 51.5 ± 4.84 39.01 ± 2.81 41.64 ± 4.66
S (%) 1.88 ± 0.1 1.67 ± 0.16 0.00 ± 0.00 0.1 ± 0.1 0.00 ± 0.00
Cl (%) 6.44 ± 0.45 7.2 ± 0.14 12.7 ± 1.04 1.56 ± 1.39 0.19 ± 0.11
K (%) 42.66 ± 0.78 43.6 ± 0.42 26.45 ± 1.96 26.02 ± 2.09 32.04 ± 1.47
Ca (%) 11.57 ± 0.39 12.02 ± 0.34 13.29 ± 2.24 11.62 ± 3.1 14.62 ± 2.72
Fe (%) 2.66 ± 0.32 2.61 ± 0.39 1.13 ± 0.74 3.06 ± 0.38 2.54 ± 0.36
K/Ca 3.69 ± 0.3 3.63 ± 1.24 1.99 ± 0.88 2.24 ± 0.67 2.19 ± 0.54
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